It is widely believed that subunit vaccines composed of multiple components will offer greater protection against challenge by malaria, and yet there is little experimental evidence to support this view. We set out to test this proposition in the Plasmodium yoelii challenge system in rodents by comparing the degree of protection conferred by immunization with a mixture of merozoite surface proteins to that conferred by single proteins. We therefore examined a defined protein mixture made of the epidermal growth factor-like domains of P. yoelli merozoite surface protein 1 (MSP1) and MSP4/5, the homologue of P. falciparum MSP4 and MSP5. In the present study we demonstrate that this combination of recombinant proteins dramatically enhances protection against lethal malaria challenge compared to either protein administered alone. Many mice immunized with the MSP4/5 plus MSP1 19 combination did not develop detectable parasitemia after challenge. Combined immunization with MSP1 19 and yMSP4/5, a product characterized by lower protective efficacy, also greatly enhanced protection by reducing peak parasitemias and increasing the numbers of survivors. In some combination trials, levels of antibodies to MSP1 19 were elevated compared to the MSP1 19 alone group; however, improved protection occurred regardless of whether boosting of the anti-MSP1 19 response was observed. Boosting of anti-MSP1 19 did not appear to be due to contaminating endotoxin in the EcMSP4/5 material since enhanced protection was observed in C3H/HeJ mice, which are endotoxin insensitive. Collectively, these experiments show that multiantigen combinations offer enhanced levels of protection against asexual stage infection and suggest that combinations of MSP1, MSP4, and MSP5 should be evaluated further for use in humans.
The development of an effective vaccine against infection by malaria asexual stages faces numerous obstacles, including antigenic diversity and antigenic variation on the part of the parasite, lack of a reliable delivery system, and potent adjuvants approved for clinical use, as well as difficulties with largescale production of clinical-grade vaccine antigen (10) . Despite the significant progress that has been made in the identification of vaccine candidates, an effective vaccine against human malaria has not yet been developed. Antigen selection and characterization has been hampered by the lack of a readily available challenge system for Plasmodium falciparum. Consequently, rodent models for malaria have attracted much attention and proved to be useful in assessing antigenicity and immunogenicity of vaccine candidates. It is generally accepted that the eventual blood-stage vaccine will be composed of multiple antigens and will need to induce multiple immune responses in vaccinated individuals. The inclusion of multiple antigens in a vaccine may act synergistically on the host immune system, leading to an increase in antibody production or T-cell activation and enhanced protection.
The first multicomponent blood-stage vaccine to be tested in monkeys and then humans was SPf66 (26, 27) . Other multicomponent and multistage vaccines include NYVAC-Pf7 (38) , which consists of seven P. falciparum genes inserted into a highly attenuated vaccinia virus, and CDC/NIIMALVAC-1 (34) , composed of a synthetic gene that encodes numerous Band T-cell epitopes, as well as cytotoxic-T-lymphocyte epitopes derived from nine P. falciparum antigens. Another approach to the multivalent vaccine is immunization with a combination of recombinant proteins. A combination of different recombinant malaria antigens has been tested in humans. The vaccine consisted of MSP1, MSP2, and RESA (19) , and although antibodies were induced against all three antigens, they did not have any significant effect on parasite growth after challenge compared to a placebo group. However, use of this combination in a field trial resulted in modest levels of protection (B. Genton, unpublished data). Despite the testing of a number of multiple-component formulations, convincing proof of greater efficacy for such combinations versus single-antigen formulations is not available.
We describe here immunization experiments with a combination of the defined Plasmodium yoelii merozoite surface protein 4/5 (MSP4/5) and MSP1 19 . The results demonstrate that immunization with a combination of recombinant MSP4/5 and MSP1 19 induces enhanced protection in mice compared to protection observed after immunization with a single antigen. The groups of mice immunized with both antigens showed higher survival rates and significantly lower peak parasitemias compared to mice immunized with either of the two antigens alone. Patent parasitemia could not be detected in the majority of animals vaccinated with a combination of antigens, and the same outcome was obtained in mice with different genetic backgrounds.
MATERIALS AND METHODS
Parasites and animals. P. yoelii YM parasites were kindly supplied by Michael F. Good (Queensland Institute of Medical Research, Brisbane, Queensland, Australia). Female BALB/c and C3H/HeJ mice, aged 6 to 8 weeks, were purchased from the Central Animal Services (Monash University, Melbourne, Victoria, Australia).
Recombinant proteins, expression, and purification. The full-length PyMSP4/5 sequence lacking the predicted signal peptide and glycosylphosphatidylinositol (GPI) anchor, was expressed as a His 6 -tagged recombinant protein (EcMSP4/5) and purified on Talon metal affinity resin (Clontech, Palo Alto, Calif.) as described previously (14) . The full-length yMSP4/5 (lacking signal sequence and GPI attachment site) and yMSP1 19 were expressed in Saccharomyces cerevisiae as described previously (13) .
Vaccination and challenge infection. Groups of female BALB/c or C3H/HeJ mice were immunized with either 25 or 30 g of various recombinant proteins emulsified in complete Freund adjuvant (Difco Laboratories, Detroit, Mich.) administered intraperitoneally (i.p.). Recombinant proteins for combination immunization were mixed in solution prior to coformulation in adjuvant. Two subsequent boosters of antigen emulsified in incomplete Freund adjuvant (Difco Laboratories) were delivered i.p. at monthly intervals. Control mice were injected with phosphate-buffered saline emulsified in the appropriate Freund adjuvant. Sera were collected prior to the initial injection and 2 days before challenge. At 12 to 14 days after the second booster, mice were challenged i.p. with 10 5 P. yoelii YM parasitized red blood cells. Parasitemias were monitored microscopically by Giemsa-stained thin blood smears fixed with methanol. Blood for smears was collected each day starting from day 3 and finishing at day 22 to 24 postinfection. A total of 500 cells per slide were counted.
Antibody assay. Indirect enzyme-linked immunosorbent assays (ELISAs) were performed for antibody determination as previously described (15) .
Statistics. The Fisher exact probability test was used to determine the significance of differences in the number of surviving animals between the immunized and control groups. The Mann-Whitney test (U test) was used to determine the significance of differences in peak parasitemia and prechallenge antibody responses. GraphPad Prism software was used to perform all of the statistical analyses.
RESULTS
Combined immunization with MSP4/5 and MSP1 19. In three separate trials, groups of mice were immunized with a combination of either EcMSP4/5-yMSP1 19 or yMSP4/5-yMSP1 19 . The appropriate doses of each antigen were administered in Freund adjuvant either mixed together or delivered as two separate injections. In trial 1, groups of mice were immunized with either 25 g of EcMSP4/5 or 30 g of yMSP1 19 or a combination of both antigens. Control mice were injected with phosphate-buffered saline in adjuvant, and all mice in this group succumbed to infection by day 9 postchallenge (Fig. 1A) . In the group immunized with yMSP1 19 there were three mice out of five that survived, whereas in the EcMSP4/5 group all mice were able to control the infection. Immunization with a combination of proteins had a dramatic effect on the levels of protection. All of the six mice survived the challenge with five mice showing no detectable parasitemia (Fig. 1A) . The only mouse that developed parasitemia had a peak of 1.6%, and the infection was patent for 6 days. The differences in peak parasitemias between different groups were statistically significant (Mann-Whitney test) with a P value of 0.004 when the comparison was made between EcMSP4/5 and the combined antigen groups and 0.03 when comparison was made between yMSP1 19 and the combined antigen groups. In trials 2 ( Fig. 1B ) and 3 ( Fig. 1C ), mice were immunized with 25 g of either EcMSP4/5, yMSP1 19 , yMSP4/5, or a combination of yMSP1 19 with either of the MSP4/5 preparations. The numbers of survivors in groups of mice immunized with either preparation of MSP4/5 were similar to those observed in trial 1 and our previous studies (15, 16) . Unexpectedly, all mice died in a group immunized with yMSP1 19 (trial 3), which is in contrast with our previous observations (trial 1 and 2) and those of others (11) . When a combination of yeast-expressed antigens was used for immunization, an improvement in both the peak parasitemia and survival rates was observed compared to groups of mice immunized with separate antigens, particularly in trial 3. In groups of mice immunized with a combination of yMSP4/5 and yMSP1 19 , 8 of 11 mice (in two separate trials) survived the challenge compared to 3 of 11 in the groups immunized with either antigen alone. The mean peak parasitemias were greatly reduced compared to the mean peak parasitemias observed in groups immunized with yMSP4/5 (23.8% versus 48.6% and 35.3% versus 66.2% in trials 2 and 3, respectively) and yMSP1 19 (23.8% versus 38.6% and 35.3% versus 74% in trials 2 and 3, respectively). However, the overall differences between peak parasitemias did not reach statistical significance between the groups. In the group immunized with a combination of EcMSP4/5ϩyMSP1 19 (trial 2), five of six mice were capable of controlling the infection. The survival rates were improved compared to the group immunized with yMSP1 19 alone (five of six versus three of six mice, respectively) but not compared to the EcMSP4/5 group (five of six versus six of six mice, respectively). The mean peak parasitemia was reduced compared to the yMSP1 19 group (15.7% versus 38.6%) but not compared to EcMSP4/5 group (15.7% versus 10.1%). Differences in peak parasitemias between different groups were not statistically significant. However, two mice in the combined EcMSP4/5ϩyMSP1 19 group developed subpatent parasitemia, a phenomenon not observed in the group of mice immunized with EcMSP4/5 alone. In trial 3, the outcome of combined immunization was identical to that observed in trial 1. Four mice showed subpatent parasitemia, and one had a peak parasitemia of 1.2%. This was a dramatic improvement compared to the group immunized with yMSP1 19 (zero of five survivors) or EcMSP4/5 (1.2% versus 31% average peak parasitemia). The differences in peak parasitemias were statistically significant and resulted in a P value of 0.016 when the comparison was made between groups immunized with EcMSP4/5 and the combination of antigens, and it was 0.008 when the groups immunized with yMSP1 19 were compared with the groups given the combination of antigens.
An additional group of mice was immunized with 25 g of yMSP1 19 , followed by 25 g of EcMSP4/5 emulsified in Freund adjuvant and delivered as two separate i.p. injections at a 2-day interval. All mice immunized with the combined antigens survived the challenge; however, all developed patent parasitemia (Fig. 1B) . Nevertheless, the observed protection was greatly enhanced compared to any of the immunization trials conducted with a single antigen during the present study. The peak on September 21, 2017 by guest http://iai.asm.org/ parasitemias ranged from 0.4 to 1.6%, and parasitemias were patent for a period of 4 to 7 days (Fig. 1B) . There was a statistically significant difference in peak parasitemias between group of mice immunized with a combination of antigens administered by separate injections and the EcMSP4/5-immunized group (P ϭ 0.03) and the yMSP1 19 -immunized group (P ϭ 0.08). There was no significant difference in peak parasitemias between groups of mice immunized with the combination of antigens administered either together or separately (trial 2). ELISA analysis of prechallenge antibody responses. The prechallenge antibody responses were analyzed by ELISA on both of the antigens used for immunization (Fig. 2) . In trial 1 ( Fig. 2A) there was no difference in the prechallenge antibody responses between the combined antigen and EcMSP4/5-immunized groups when read out on target antigen EcMSP4/5. However, there was a significant difference (P ϭ 0.008) between the combined antigen-and yMSP1 19 -immunized groups, with the responses to yMSP1 19 being significantly boosted in the combined group. In trial 2, the prechallenge antibody responses were read out on the three different antigens: Ec-MSP4/5, yMSP4/5, and yMSP1 19 (Fig. 2B) . There was no increase in anti-yMSP1 19 prechallenge antibody responses in the combined group compared to the yMSP1 19 -immunized group. Statistically significant differences were only observed between the combined immunization group (EcMSP4/5ϩyMSP1 19 , one injection) and the EcMSP4/5 group when read out on Ec-MSP4/5 (P ϭ 0.015) and between the combined groups (Ec-MSP4/5ϩyMSP1 19 ) administered by either one or two injections when read out on yMSP4/5 (P ϭ 0.009). Differences in prechallenge antibody responses between other groups of mice immunized with the combination of antigens administered together or separately between groups of mice immunized with either of the antigens alone and the group immunized with the combination of antigens administered separately did not reach statistical significance. In trial 3 (Fig. 2C) there was no difference in prechallenge antibody responses between the EcMSP4/ 5ϩyMSP1 19 combination and EcMSP4/5-immunized groups. On the other hand, anti-MSP1 prechallenge responses were again significantly boosted (P ϭ 0.008) in the combined immunization group compared to yMSP1 19 -immunized animals when read out on yMSP1 19 . Interestingly, prechallenge antibody responses to yMSP4/5 in a group immunized with a combination of two yeast-derived malarial antigens were remarkably low (lower than those in the yMSP4/5-immunized group). When cross-checked on yMSP1 19 , these responses were higher than those in the yMSP1 19 -immunized group, but the difference was not statistically significant. We have also investigated the isotype distribution in mice immunized with a combination of antigens (trial 1). The isotype profile in these mice was similar to that observed in our previous studies (15) and immunoglobulin G2a was the dominant immunoglobulin type. The isotype was identical when read out on either target antigen (data not shown).
Immunization of endotoxin nonresponding C3H/HeJ mice. In order to investigate the possible mechanisms behind the boosting of anti-MSP1 titers after combined immunization and to test whether there is a correlation between increased anti-MSP1 titers and enhanced protection observed in mice immunized with a combination of antigens, we performed an immunization trial in C3H/HeJ mice. These mice do not respond normally to endotoxin due to a mutation in Tlr4 gene selectively impeding lipopolysaccharide (LPS) signal transduction (29, 30) . Groups of four to six mice were immunized as described in Materials and Methods section with 25 g of either antigen or a combination of both administered as one injection. Three of four control mice succumbed to infection, whereas one was able to fully recover with a peak parasitemia of 49%, which was significantly higher than peak parasitemias in any other group (Fig. 3A) . All immunized mice survived the challenge infection. Mice immunized with EcMSP4/5 had a mean peak parasitemia of 19.8%, and the course of infection was identical to that observed in the present study (Fig. 1) or described previously (15) . There was one mouse that showed no detectable parasitemia after P. yoelii challenge, a phenomenon not observed before in BALB/c mice immunized with EcMSP4/5 alone. Only two of six mice immunized with yMSP1 19 had patent parasitemia with peaks of 1.8 and 4.4%. The remaining four mice had no patent parasitemia. All mice immunized with a combination of both antigens were resistant to infection. ELISA analysis of the prechallenge immune sera that were compared on both EcMSP4/5 and yMSP1 19 showed no boosting of anti-MSP1 titers in the group immunized with a combination of antigens. In fact, there was no significant difference in prechallenge antibody responses between the group immunized with a combination of EcMSP4/5 and yMSP1 19 and any of the groups immunized by either antigen alone (Fig. 3B) .
DISCUSSION
A wealth of published reports supports the notion that immunization with a single antigen can confer protection to immunized animals, and this has been clearly demonstrated for the major malaria vaccine candidates AMA1 (1, 5) and MSP1 (7, 11, 12, 20) . We have previously shown that immunization with recombinant MSP4/5 can induce protection against lethal challenge with P. yoelii YM (15) and that the degree of the induced protection was affected by the form of the antigen (16) . In the majority of immunization trials using rodent malaria systems, immunized mice developed patent parasitemia despite being able to control the infection and fully recover after challenge. Immunization with MSP1 19 by a prolonged regimen with combinations of subcutaneous and i.p. injection was able to induce sterile protection in vaccinated mice (11) . However, the MSP1 immunization trials performed in the present study showed that, after immunization, mice either developed very good protection (low peak or subpatent parasitemia) or succumbed to infection with fulminating parasitemia similar to that observed in control mice. In contrast, immunization with recombinant MSP4/5 usually results in 100% survival of immunized animals; however, a fraction of immunized mice develops high peak parasitemias. Neither of these results would be acceptable as outcomes in human clinical trials.
The usual solution suggested to this problem is that of a multicomponent vaccine containing proteins from one or several life cycle stages of the parasite. However, there is little experimental evidence to suggest that this would work for malaria. Trials with antigen combinations such as Spf66 and NYVAC-7 have given inconsistent or poor results (3, 23, 24, 35, 39) , and in none of these experiments is there evidence that the combination performs better than single antigens. Shi et al. (34) demonstrated the ability to raise growth-inhibitory sera in rabbits by immunization with multiple blood-stage epitopes but did not demonstrate that this approach was more effective than a particular epitope given singly. Immunization with a combination of a region of MSP1, RESA, and MSP2 in humans gave rise to low antibody responses and little evidence of subsequent protection in a small group of naive individuals (19, 33) . The combination of a second antigen, TRAP, with CSP led to a failure to induce the level of protection noted with CSP alone (17, 18, 36) . On the other hand, Wang et al. (41) have shown that mice can be protected against a sporozoite challenge by immunization with a combination of CSP and MSP1. Although the levels of induced antibodies to antigens delivered in combination were markedly reduced, an additive effect of such immunization was observed in 52% of mice. The lessons from vaccines in other parasites are not clearcut either. For example, in the Fasciola hepatica system, the combination of the two antigens cathepsin L proteinase and hemoglobin led to augmented immunity to challenge (6) . However, the degree of immunity induced by leucine aminopeptidase was significantly decreased when it was combined with two cathepsin L proteinases, which on their own were moderately protective (28) . In studies on Schistosoma vaccines, many candidate antigens have been identified, but in the limited data set on combinations of antigens there is little compelling data for enhanced efficacy (37) .
The present study therefore provides the first compelling evidence for markedly improved protection against malaria by protein combinations in an asexual blood-stage vaccine. In all cases, the degree of immunity was enhanced by using antigen combinations, although the absolute level of protection varied between trials. Thus, immunity was strongest when Escherichia coli-derived MSP4/5 was used in combination with MSP1 19 , but a clear additive effect occurred even when both antigens were produced in a yeast expression system. This agrees with previous studies that have shown that EcMSP4/5 induces higher levels of protection than MSP4/5 produced in a yeast expression system although the reason for this is still not known (16) . The protective efficacy of MSP4/5 immunization is correlated with the level of antibody induced (15), and we found the same dependence on induced antibody levels with anti-MSP1 19 responses, which suggests that antibody is clearly important (9, 11, 25) . The antibody responses induced by the two proteins are not cross-reactive (data not shown) and react with separate proteins on the merozoite surface. The most likely explanation for enhanced protection is therefore that, collectively, the two sets of binding antibodies more effectively coat the merozoite surface and interfere with invasion while making the merozoite a better target for ADCI (4) .
The particular experimental design chosen was to examine the effect of combining antigen doses such that mice received 50 g of total protein compared to 25 g in either group given a single antigen. An alternate protocol would have been to match the total dose of the group receiving the combined antigens to that received by the single-antigen group; therefore, each mouse would receive 12.5 g of MSP4/5 and 12.5 g of MSP1 19 . We felt it would be of interest to use the minimum dose that had been previously shown to give substantial levels of protection. We could then determine whether the protection could be substantially enhanced, since parasitemia levels commonly achieved in rodent system trials are still much higher than would be acceptable in humans. Of the mice receiving EcMSP4/5 and yMSP1 19 , 64% had undetectable levels of parasitemia. The method of parasitemia determination used has a lower limit of detection of 0.2%, and such levels approach those that would be an acceptable outcome in human trials.
An interesting phenomenon encountered in some of the trials is that of boosting the response to MSP1 19 administered in combination with MSP4/5 compared to that seen when MSP1 19 is administered by itself. In the trials where this occurred such as trial 1, it is possible that enhanced protection is partially due to the boosting of MSP1 19 responses; however, enhanced protection occurred independent of this phenomenon as, for example, in trials 2 and 3 and in C3H/HeJ mice. The reason for the occasional anti-MSP1 19 boosting during combined immunization is unclear. It may be due to LPS contamination of the EcMSP4/5 preparation, since boosting did not occur when yeast-derived material was used or when LPSinsensitive mice were immunized. This hypothetical "LPS boosting" effect would have to be able to occur in mice immunized with complete Freund adjuvant, and this seems somewhat surprising. Furthermore, in mice immunized with the two antigens given on different days, boosting of the anti-MSP1 19 response did not occur. This may suggest that boosting requires some form of protein association, and it is possible that the two proteins may combine to form multimers via their epidermal growth factor-like domains, resulting in an aggregated form that is more immunogenic than the proteins given alone. Although there is no experimental evidence to support this theory in the present study, it is known that proteins with epidermal growth factor-like domains are involved in proteinprotein interactions (8) . However, in such a case it is not clear why there is no concomitant boost in the anti-MSP4/5 response. Whatever the mechanism for this boosting, it is clearly not required to induce synergistic protection. The main conclusion of these experiments is that the antigen combination tested is always more efficacious than the separate antigens.
Would equivalent efficacy be obtainable simply by improving the immunogenicity of MSP1 19 as a single antigen? Previous studies have shown that the dose used in the trial induces optimal levels of antibody (7), and there is no evidence to suggest that increased doses of MSP1 19 would reliably induce substantial increase in the antibody response. Increases in antibody levels are achievable by extended immunization protocols (11), but such protocols, requiring at least five doses of antigen administered in multiple sites, are unlikely to be applicable in humans. The most important factor favoring antigen combinations, however, is the observation that MSP1 19 , and AMA1, for that matter, do not protect against challenge with heterologous parasite strain (5, 31, 32) . The addition of a second antigen, particularly one that is relatively invariant, is likely to help overcome failure of protection against heterologous challenge.
How general is the phenomenon of enhanced protection by antigen combination? Clearly, particular antigen combinations need to be validated by experiment. In the absence of a vaccine of known efficacy for comparative testing, the predictive value of the rodent malaria model, particularly for evaluating combinations, is not known. For some antigens such as MSP2, testing in the rodent system will not be possible since a rodent malaria homologue of MSP2 apparently does not exist (2) . Nevertheless, the leading vaccine candidates for asexual stage vaccines in humans such as AMA1 and MSP1 19 have shown excellent efficacy in rodent challenge systems (1, 5, 11) , and primate systems have not yet been shown to be superior.
On the basis of the experiments reported here, we would suggest that the efficacy of MSP1 19 in human trials could be enhanced by combining it with the P. falciparum MSP4/5 homologues. There are two distinct homologues, MSP4 and MSP5, and there is no available evidence to suggest that one or the other is likely to be more important for the induction of protective immunity in humans. Indeed, since they have arisen by ancient gene duplication, it seems reasonable to suggest that they have evolved to provide related but distinct functions in VOL. 70, 2002 COMBINED ANTIGENS ENHANCE PROTECTION AGAINST MALARIA 6611 the parasite, such as involvement in alternative invasion pathways. Their small size and relative invariance in sequence makes them attractive candidates for the production by recombinant DNA technology (21, 22, 40, 42) . At present we suggest that both proteins (MSP4 and MSP5) should be included and tested in clinical trials in combination with MSP1 19 . Additional immunization experiments in the rodent malaria system with combinations, including other blood-stage vaccine candidates, such as AMA1 or MSP8, together with MSP4/5 and MSP1, may show improved anti-parasite protection and are worthy of further study.
